. The analysis predicts an over-deepening near the snout of Samudra Tapu, in close proximity to an existing moraine dammed lake. A portion of the predicted site has already evolved into a lake between the years 2000 and 2015, which upon further deglaciation could lead to an expansion of the existing lake by an area of 14  2 ha. This observation further validates the model prediction of lake expansion. The present study demonstrates the utility of the model to predict maximum expansion of the existing lakes and possible formation of new lakes due to glacier retreat. Systematic application of this technique can provide information crucial to policy makers and planners dealing with the security of people living in the mountains.
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IN the recent past many glaciers around the world, including those in the Himalaya have been experiencing retreat 1 . Though there is uncertainty in the rates of retreat of individual glaciers, on the whole the Himalayan glaciers have been losing mass at an increasing rate over the past few decades 2, 3 . With the changing climate they are expected to lose more mass and the rates of retreat may increase further 4 . Unabated retreat of glaciers can lead to the formation of glacial lakes that are typically bound by loose soil and debris, which can cause glacier lake outburst floods (GLOFs) upon failure of a dam and cause serious havoc downstream in a matter of a few hours 5 8 . In order to predict such GLOF events, numerous inventories on glacial lakes have been carried out in the Indian Himalaya. One of these inventories suggests the presence of 251 glacial lakes (>0.01 sq. km) of which 105 present GLOF risk, 12 of them being critical [9] [10] [11] . However, there have been no studies to predict the maximum possible expansion of the existing lakes, which is crucial because lake volume determines the peak discharge and hence the severity of GLOF 12 . Thus identification of potential lake sites and mapping the maximum possible extent of the existing lakes are crucial to enable timely monitoring and to mitigate possible hazards.
Glaciers modify the landscape of the underlying bedrock by erosion as they move. Knowledge of this subglacial topography is imperative to identify bed overdeepenings, which could be potential sites for the formation of lakes as the glaciers retreat 13 . This is accomplished in the present study by applying a basic model of glacier flow parallel to the bed, to relate ice thickness along the central flowline with surface slope and velocity 14 . Ice thickness is then interpolated to the glacier boundary and subtracted from the surface elevations to obtain the bed topography. The model is validated on Chhota Shigri and is then applied to Drang Drung and Samudra Tapu in the Western Himalaya.
We have selected Chhota Shigri, Drang Drung and Samudra Tapu glaciers in the Indian Himalaya for this study. We applied the methodology to Chhota Shigri, one of the few well-studied glaciers in the Indian Himalaya for which GPR measurements are available 15 . The results obtained for Chhota Shigri were used to validate the methodology, which was thereafter applied to Drang Drung and Samudra Tapu. Table 1 provides the salient parameters of the glaciers.
To estimate glacier surface velocities, we have used Landsat data of 30 m spatial resolution (http://earthexplorer.usgs.gov/). Table 2 provides the image specifications. Glacier boundaries available from the RGI repository were used in this study (http://www.glims. org/RGI/). ASTER DEMs were used for Chhota Shigri and Samudra Tapu, while SRTM DEM was used for Drang Drung (http://earthexplorer.usgs.gov/). Satellite images were cross-correlated to estimate glacier surface velocities and subsequently the ice thickness distribution was calculated using basic parallel flow models of glacier flow. Bed topography was then estimated by subtracting ice thickness from the surface elevations and over-deepenings in the bed were identified. Glacier surface velocities were estimated by sub-pixel correlation of multi-temporal satellite images with the help of COSI-Corr, a software module integrated in ENVI (freely available from http://www.tectonics. caltech.edu/slip history/spot_coseis/index.html). Satellite images were co-registered to obtain the horizontal and vertical displacements along with the signal-to-noise ratio (SNR) images. The SNR image quantifies the correlation accuracy; all pixels with SNR value less than 0.9 are considered erroneous and hence discarded. Further, velocity estimates in regions with debris or snow cover could be erroneous and can be filtered by setting a threshold. In the present analysis, a threshold was applied for Chhota Shigri as velocity measurements were available from the literature, while for the other glaciers we did not apply any threshold due to non-availability of data. After removal of the erroneous pixels, the two-norm of the horizontal and vertical displacement images was calculated to find the resultant displacement magnitude. The difference in the time of acquisition between the two images, roughly a year in our study, was then used to compute the surface velocity values.
The ice thickness distribution is determined using the equation
where H is the ice thickness (m),  the ice density which is assigned a constant value of 900 kg m -3 (ref. 13) , U s the surface velocities, and  is the slope angle estimated over 100 m elevation contours such that the slope is averaged over a distance of at least one magnitude greater than the local ice thickness 13 . The above ice thickness distribution equation has been derived from the equation for laminar flow of glacier ice and basal shear stress 13, 14 . Ice thickness was calculated along the central flow line for each sectional area between successive 100 m contours. To get the spatial distribution of ice thickness interpolation was performed using TopoToRaster, a discretized thin plate spline interpolation technique modified to ensure drainage connectivity 18 , that has been previously used for interpolation of ice thickness 19, 20 . A complete description of the algorithm has been done by Gantayat 2016 (pers. commun.).
The ice thickness distribution was subtracted from the surface topography to obtain the bedrock topography. Subsequently, the over-deepenings were identified by filling the sinks in the bed with the ArcGIS hydrology tool 'fill'. The difference between the filled bed and the original bed topography was to quantify the area and volume of the over-deepenings. The maximum and mean over-deepining depths were estimated at a 20 m contour interval, considering only those over-deepenings where their mean depth was greater than the model uncertainty. Eventually the volumes were computed using the deptharea relationship.
The uncertainties in the ice thickness values of Chhota Shigri were estimated using the equation (ii) Uncertainty in calculating slope angle, : Uncertainties arise while calculating sin() because of vertical inaccuracies in the digital elevation model (DEM). Unfortunately, there are no ground survey data for validation of the DEM. However, in the Bhutan Himalaya vertical inaccuracies (rms) of 11.0 m for ASTER and 11.3 m for SRTM were observed 23 . Due to the similarity in topography, we have considered similar values of vertical accuracy and estimate an uncertainty of 0.087% or 8.7% in the sin() values.
(iii) Uncertainty in the value of shape factor, f : shape factor represents the influence of side drag on the glacier stress balance along the central flow line, and its value varies according to the glacier width 24 . In previous studies, a constant value of 0.8 was assumed throughout the glacier, while in one study values of 0.7 and 0.9 were used for the ablation and accumulation region respectively 17, 19 . Considering this range of values between 0.7 and 0.9, we get a relative uncertainty of 0.125% or 12.5% in the present analysis. The uncertainty can be reduced by calibrating the shape factor wherever ice thickness measurements are available.
(iv) Uncertainty in the ice density, : The density of glacier ice is assumed to be 900 kg m -3 in the present study, like some other similar studies 16, 19 . But glacier ice density varies depending on depth, which affects the pressure on the ice, and also on the proportion of air bubbles present in the ice 13 . The uncertainty is calculated considering the typical variation in ice density from 830 to 923 (ref. 10) . This leads to an uncertainty of 0.1% or 10%. The combined uncertainty is 14.6%. Also, interpolation introduces further uncertainty in the ice thickness values and is quantified using the standard error generated by the interpolation algorithm, 0.065% or 6.5% in the present analysis 18 . The overall ice thickness uncertainty is therefore ~15%.
The ice thickness and bed topography results of Chhota Shigri were compared with the GPR measurements 15 . Maximum ice thickness and bed topography measurements are available for four cross-sections along the glacier (Figure 2 b) . The results were not validated for the fifth cross-section as it is in the confluence zone, where ice thickness estimates could be erroneous because the flow in confluence regions is not parallel to the bed and the flow assumptions may not hold. There is a general agreement within the model uncertainty range of 15% for maximum ice thickness as shown in Table 3 , except cross-section 1. This could be due to the difference in the time period between the measured (2005) and modeled (2015) values, and possible melt during this period owing to its proximity to the snout. We were also able to reproduce the bed profiles fairly well (Figure 3 ). We observed a correlation coefficient of 0.99 between the modelled and GPR bed profiles, although our calculated estimates tend to be higher (Figure 4) .
The ice thickness distribution of Drang Drung is fairly uniform, with a depth of ~100 m at the snout and 50-400 m in the accumulation region ( Figure 5 ). Drang Drung has two tributaries which meet the main trunk in the mid-ablation region. The right and left tributaries have ice thickness values in the range 50-150 and 50-300 m respectively, while values as high as 400-500 m are modelled in the mid-ablation region of the main trunk. However, these high estimates may be erroneous, as they are observed in the confluence region where the parallel flow assumption may not be valid. In the case of Samudra Tapu, the ice thickness is observed to be ~150 m in the snout area. The depth increases to 150-250 m in the mid-ablation region; however, maximum ice thickness is estimated to be ~350 m in the wider accumulation region ( Figure 6 ). identified for Drang Drung (Figure 7) , with mean depth varying from 55 to 152 m (Table 4) . Prolonged retreat could lead to the formation of lakes at sites 1 and 2 in the near future due to their proximity to the snout. For Samudra Tapu five potential lake sites were identified, with volume as high as 0.017 km 3 . The maximum depths of the over-deepenings vary from 45 to 200 m and the area from 5 ha to 89 ha (Table 5 ). Site 1 is in close proximity to the snout (Figure 8 ) with a maximum depth of ~80 m and volume of 0.009 km 3 . In this study we have used surface velocity and slope, along with basal shear stress and laminar flow equations, to estimate glacier depth and bottom topography. Overdeepenings in the bedrock can help in the identification and mapping of potential lake sites. We have identified 12 potential sites for lake formation on Drang Drung and Samudra Tapu, with one site each near their respective snouts (Figures 7 and 8 ). As this study was carried out using 2001/2002 and 1999/2000 satellite images for Samudra Tapu and Drang Drung respectively, the latest available images were analysed to assess the evolution of the sites near the snouts, providing us an opportunity to validate our results. Formation of a shallow lake near the snout of Drang Drung is observed on the satellite imagery of 2014, which was not seen for the year 2000 ( Figure 9 ). Deglaciation of site 1 could lead to further expansion of the existing lake by ~9.2 ha. In the case of Samudra Tapu, a moraine-dammed lake already exists near the snout 25 . Our analysis suggests that a portion of site 1 is already a part of this lake ( Figure 10) . As of 2015, the area of the lake was ~138 ha and further retreat could therefore lead to an increase in its area by ~14 ha and volume by ~0.013 km 3 . The present study demonstrates the utility of remote sensing data, such as satellite images, glacier boundary and DEM, in estimating glacier depth and bottom topography. This provides an effective means for predicting formation of new glacial lakes as well as expansion of existing ones.
